Photonic crystal emitters in heterogeneously bonded membranes by Sulkin, Joshua
  
 
 
 
PHOTONIC CRYSTAL EMITTERS IN 
HETEROGENEOUSLY BONDED MEMBRANES 
 
 
 
 
 
 
BY 
 
JOSHUA D. SULKIN 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Electrical and Computer Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2012 
 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee: 
 
Professor Kent D. Choquette, Chair 
Professor Jennifer T. Bernhard 
Professor J. Gary Eden 
Assistant Professor Lynford L. Goddard 
 
! ii 
ABSTRACT 
 
 Photonic crystal (PhC) membrane lasers are good candidates for future photonic 
integrated circuit applications, including chip-to-chip and on-chip optical interconnects.  This is 
due to their small size, lithographically tunable emission wavelength, and potential for low 
power operation.  In order to be practical, PhC membrane lasers must operate continuous wave 
(CW) under electrical injection at room temperature and be manufactured by reproducible 
methods.  To date, no PhC membrane design has met all of these criteria. 
 In this dissertation, a novel PhC membrane device that combines heterogeneous bonding 
and lateral current injection is proposed, fabricated, and tested.  For these devices, a lateral 
electrical junction diode is created in a semiconductor membrane via ion implantation of 
dopants.  Bonding to foreign substrates is accomplished using a unique post-process method that 
allows all diode and PhC fabrication, including high temperature anneals, to be performed on the 
native semiconductor substrate.  The thermal and electrical properties of doped membranes 
bonded to thermally conductive, electrically insulating substrates are also examined using finite 
element simulations to improve device performance.  Experimental results show CW optically 
pumped PhC lasers on both sapphire and metal-backed SiO2 substrates.  Optical amplification 
due to electrical injection is also demonstrated in PhC devices bonded to sapphire, including line 
defect designs.  Finally, evidence of modified electroluminescence is found in a line defect PhC 
device bonded to metal-backed SiO2.  Analysis shows that electrically injected lasing should be 
possible if manufacturing methods are improved to enable shorter diode intrinsic region lengths. 
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CHAPTER 1 
 
Introduction 
 
1.1 Motivation 
Two-dimensional photonic crystals (PhCs) in semiconductor membranes have been a 
highly active research area since the first PhC defect mode membrane laser was demonstrated in 
1999 [1].  These nano-photonic devices offer many promising advantages including small mode 
volume [2], high quality (Q) factor [3], low threshold power [4], and a lithographically tunable 
emission wavelength [5].  A practical PhC membrane device could open the way for nano-
photonic integrated circuits, with light emission and detection at various wavelengths, light 
guiding [6], and light filtering [7] all combined monolithically.  Such a platform could be used 
both for high-speed optical communication and routing [8], as well as for chemical and 
biological sensing [9]. 
 One application that this class of laser may be particularly well suited for is on-chip and 
chip-to-chip optical communication.  The global interconnect network on chip and the 
connection between a computer’s central processing unit (CPU) and main memory can be 
significant bottlenecks to performance [10], [11].  Replacing the current electrical interconnects 
with optical ones could provide a significant advantage due to the availability of wavelength 
division multiplexing (WDM) in an optical system [10], [11].  However, in order for such an 
optical interconnect to be practical, there are significant constraints on device size and power 
usage [10], [11].  PhC membrane lasers may meet the necessary requirements due to their small 
mode volume, which leads to small overall device size and low power operation.  One recent 
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result has shown direct modulation of a PhC membrane laser at over 5 GHz, while requiring only 
13 fJ of energy per transmitted bit [12].  Such low energy transmission is close to being 
competitive with modern electrical interconnects [10], [11]. 
 None of these applications can be realized, however, without a practical method for room 
temperature, continuous wave (CW), electrically injected lasing of a PhC membrane.  Though a 
few examples of electrically injected lasing have been demonstrated [13]-[15], none of them 
meet the above requirements.  The difficulty in designing such a device stems from the tradeoffs 
in optical, thermal, and electrical properties, as well as manufacturability, which are inherent to 
PhC membrane lasers.  For example, the design that results in the highest Q-factors – an air-clad 
membrane with a large field of air holes – suffers from poor heat dissipation and high electrical 
resistance, which can prevent CW room temperature lasing [16].  Air clad membranes are also 
fragile and difficult to integrate onto Si.  Bonding PhC membranes to thermally conductive, 
electrically insulating substrates can greatly improve heat dissipation and allows for 
mechanically robust devices that are integrated on a foreign substrate.  Unfortunately, the higher 
refractive index of the substrate also leads to lower Q-factors [16], which increases the threshold 
current density for lasing. 
 This dissertation deals with the design, simulation, fabrication, and testing of a novel 
design for a PhC membrane emitter that seeks to find a reasonable balance between the device 
tradeoffs.  The design is based on a lateral junction diode defined by ion implantation that is 
bonded to a low index, thermally conductive, electrically insulating substrate.  This 
heterogeneous integration is enabled by a post-process bonding technique, which makes ion 
implantation in a bonded device more practical.  Progress toward electrically injected lasing is 
demonstrated through measurements of electroluminescence. 
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1.2 Background 
 The first reported defect cavity PhC membrane laser [1] was based on an air suspended 
membrane and a single-hole defect in an otherwise unmodified hexagonal PhC hole pattern.  
This laser was optically pumped and had a relatively low Q-factor of around 250, which limited 
it to pulsed operation at cryogenic temperatures.  Subsequent research resulted in PhC cavity 
designs with significantly higher Q-factors (well over 10,000) [3], which allowed room-
temperature optically pumped lasing.  In particular, it was found that modifications to the holes 
closest to the cavity could greatly increase the Q without changing the photonic band-gap of the 
bulk crystal [17], [18].  Other cavity types have incorporated PhC heterostructures, consisting of 
combinations of PhC regions with different periods, hole diameters, or lattice types.  
Heterostructure designs have allowed, for instance, optical cavities that have large areas yet still 
lase in a single mode [19], as well as cavities that have line defects [16].  These latter designs, 
referred to here as line defect heterostructure (LDH) cavities, remove an entire row of holes from 
a PhC lattice and exhibit significant in-plane emission [16]. 
 Another direction of research has involved PhC membranes bonded to various substrates 
in order to improve heat dissipation and enable CW, optically pumped lasing [5], [16], [20], [21].  
Sapphire has been the substrate material of choice due to its relatively high thermal conductivity 
and relatively low refractive index [5], [16], [20].  Several CW PhC membrane lasers have been 
demonstrated, particularly those with large area cavities [20].  In most cases, bonding is the first 
step in the fabrication process, followed by the patterning and etching of the PhC holes [5], [20].  
Various low-temperature membrane bonding methods have been explored, including wafer 
fusion bonding [5], [20] and adhesive bonding [21]. 
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   Device designs for electrically injected lasing have also been pursued, though with 
limited success.  In 2004, the first PhC membrane device was demonstrated to lase electrically 
pumped, continuous wave, at room temperature [13].  The laser was fabricated using a wafer 
bonding technique to join two AlGaAs heterostructures together.  However, the PhC was broad-
area and operated at a photonic bandedge mode, meaning it did not contain a defect cavity.  This 
led to a very large mode volume and a high threshold current, making it undesirable for many of 
the applications mentioned in Section 1.1. 
 The first electrically injected defect cavity PhC laser was demonstrated in 2005 [14].  In 
this device, a chemical undercut etch was used to create a suspended semiconductor membrane 
with a small post beneath the cavity.  The membrane was doped such that it had a vertical p-i-n 
diode structure, where the purpose of the post was to electrically connect the membrane with the 
electrode on the bottom of the substrate.  Because the post had a similar refractive index as the 
membrane, it did not provide vertical confinement and thus greatly reduced the Q of the cavity.  
This meant that the width of the post was critical to the operation of the device, but because its 
size was not controlled lithographically, it was very difficult to reproduce.  In addition, the 
device could not operate CW since it was still mostly suspended and thus suffered from poor 
heat dissipation. 
 In order to overcome the fabrication difficulties associated with a vertical diode, a lateral 
current injection (LCI) PhC diode was proposed and demonstrated at the University of Illinois in 
2008 [22].  This device used photolithography to define areas for ion implantation of p and n 
dopants, meaning that the entire membrane could be undercut, without the need for a vertical 
post.  Modified photonic bandedge electroluminescence was observed in an InP-based quantum 
well membrane using this fabrication technique, though no lasing.  The inability to achieve 
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lasing was attributed to significant leakage current through the substrate and poor carrier 
confinement [22]. 
 A LCI PhC laser was demonstrated in 2011 using a GaAs membrane containing quantum 
dots, though the laser was operated at cryogenic temperatures [15].  The device also employed a 
suspended membrane design and suffered from significant leakage current through the substrate, 
although using a semi-insulating substrate reduced this leakage.  A low Q-factor was suspected 
as one possible reason for the inability to lase at room temperature, though thermal issues were 
not addressed. 
1.3 Scope of Dissertation 
The focus of this dissertation is to advance and optimize LCI PhC devices, building on 
the previous work.  In particular, a post-process bonding technique is used to integrate a LCI 
PhC membrane onto a foreign substrate.  The purpose of this integration is to improve thermal 
conduction, reduce leakage current, and demonstrate the feasibility of future heterogeneous 
integration applications, such as those mentioned in Section 1.1. 
Chapter 2 deals with various aspects of the design of bonded LCI PhC devices, and how 
design choices affect the devices’ electrical, thermal, and optical properties.  Various 
semiconductor active materials, substrate materials, and PhC cavities are considered.  The design 
of current-confining etched trenches is also discussed.  These design choices are motivated by 
finite element method (FEM) analyses of thermal and electrical properties of the devices. 
The details of device fabrication are given in Chapter 3.  The complete process flow is 
described, including ion implant activation anneal process development and efforts to improve 
alignment between the PhC and diode junction.  Particular emphasis is also given to the post-
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process bonding technique, including why it is important and how it has been improved.  Finally, 
the ion implant dose and energy parameters are derived and explained. 
Results of optical and electrical characterization of fabricated devices are given in 
Chapter 4.  These include the effects of bonding on the membrane’s properties, CW optically 
pumped lasers, and electrically injected emitters.  Finally, conclusions and future work, focusing 
on further ideas for room temperature electrically injected lasing, are given in Chapter 5. 
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CHAPTER 2 
 
Design for Electrical Injection 
 
2.1 Design Overview 
 An illustration of the overall design pursued in this dissertation is shown in Fig. 2.1.  It 
consists of a thin semiconductor membrane mesa that is bonded to a low index, electrically 
insulating substrate.  Doped n-type and p-type regions are formed via ion implantation in order to 
form a lateral diode junction.  A PhC pattern is etched into the membrane at the lateral junction 
in order to form a resonant laser cavity.  The following sections describe the details of this design 
including the choice of semiconductor material, substrate material, PhC pattern, and current 
confinement trench design. 
 
 
!
Fig. 2.1. Schematic of laterally current injected PhC membrane bonded to 
an insulating substrate. 
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2.2 Semiconductor Material 
 A variety of III-V compound semiconductor epitaxial structures are suitable for PhC 
membrane laser fabrication.  The key requirements of the structure are: 
1) It consists of a thin membrane with an active medium (either quantum wells or 
quantum dots) at its center; and, 
2) The membrane is above a sacrificial material that can be removed by a selective wet 
chemical etch. 
Two different epitaxial designs, which meet the above criteria, are used for this dissertation, and 
their designs are summarized in Fig. 2.2.  Design A allows for the quickest and simplest 
heterogeneous bonding due to its InP substrate and InGaAsP membrane.  The substrate can be 
removed within a few hours using a highly selective HCl-based etch (see Chapter 3 for more 
details).  Design A is also a natural choice for ion implantation because it is undoped and 
InGaAsP has a high level of dopant activation for both donors and acceptors [1].  In addition, the 
 
!
Fig. 2.2. Epitaxial structures used for PhC membrane fabrication. For each layer, the dopant type is noted on the 
left. For each design the emission wavelength is noted at the bottom. 
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ion implantation can provide a small degree of lateral carrier confinement due to quantum well 
intermixing [2] which will occur in this structure upon annealing. 
 The second epitaxial design is perhaps not an obvious candidate for ion implantation to 
form a lateral junction because it already has doped layers that form a vertical p-i-n junction.  
However, a lateral junction can be formed in this structure by using ion implantation to counter-
dope one of the layers.  In this case, it makes the most sense to implant an acceptor, because 
GaAs has a relatively high activation percentage for acceptor dopants [1].  Implanting a single 
species is also advantageous because it reduces the total area that is damaged by the implantation 
process (and thus increases the area that maintains its original luminescence).  Though 
implantation damage can be healed by annealing, the healing is not complete, especially for high 
implantation doses.  The major disadvantage of design B is that the GaAs substrate takes a very 
long time to be selectively removed. 
2.3 Substrate Material 
 As mentioned in Chapter 1, the primary tradeoff in substrate material is between 
refractive index and thermal conductivity.  Materials with low index (which provide the best 
optical confinement) tend to have low thermal conductivity, as can be seen in Table 2.1.  A low 
thermal conductivity leads to poor heat dissipation, which increases the temperature of the cavity 
and can greatly increase the threshold of a laser, particularly in InGaAsP materials where Auger 
recombination is a significant factor [3]. 
Another substrate option explored in this dissertation is a metal-backed dielectric.  A 
buried Au layer beneath SiO2, for example, can be used to reflect some of the light that would 
otherwise be lost into the substrate.  The disadvantage of such a structure is the potential for 
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additional absorption loss due to the metal, which necessitates a relatively thick oxide layer 
(about 500 nm).  There are also difficulties associated with manufacturing such a structure, as 
discussed in Chapter 3.  In this work, the Au layer is deposited on top of a GaAs substrate, 
though in principal any substrate could be used. 
 
 A finite element method (FEM) solution of the steady-state heat transfer equation [7] 
(2.1) 
is used to evaluate the effectiveness of each substrate material in reducing cavity temperature.  In 
Equation 2.1, T is the temperature, k is the thermal conductivity, and Q is the power density of 
the heat source.  Following [7], it is assumed that the heat source is due to non-radiative 
recombination of optically generated carriers created by an optical pump centered on the PhC 
cavity.  Also as in [7], the FEM mesh is two-dimensional but solved as a body of revolution 
problem.  This allows for a quasi-three-dimensional solution for circularly symmetric 
geometries.  An example FEM mesh is shown in Fig. 2.3, which shows the various simulation 
regions and boundary conditions.  The thermal conductivity of the PhC region is approximated 
by a geometric fill-factor [7].  Simulated temperature distributions for an air-suspended 
Table 2.1. Refractive index and thermal conductivities of various substrate materials (data from [4]-[6]). 
 Refractive Index 
(real part) 
Refractive Index 
(imag. part) 
Thermal Conductivity 
(W/cm-K) 
Air 1.003 - 0.00024 
SiO2 1.46 - 0.014 
Al2O3 (Sapphire) 1.75 - 0.34 
Au 0.43* 9.52* 3.17 
* at ! = ~1.4 µm 
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membrane and membranes bonded to sapphire, SiO2, and metal-backed SiO2 are shown in Fig. 
2.4, along with the maximum cavity temperature in each case.  A simulation of a membrane 
bonded to SiO2 on GaAs (without a metal layer) is also shown in order to test the thermal effect 
of the metal layer. 
 
As expected, sapphire provides the best heat dissipation.  The metal-backed SiO2 
substrate also significantly reduces the maximum temperature, though to a lesser extent.  The 
thin metal layer, which is not in contact with the membrane, is shown to have little thermal 
effect.  However, the membrane bonded to SiO2 alone shows a higher maximum temperature 
than the membrane bonded to SiO2 on GaAs (with or without metal).  In other words, it is the 
connection to the high thermal conductivity substrate that provides the additional thermal 
benefit. 
!
Fig. 2.3. Example FEM mesh used for thermal simulations. Values on the axes are distances in µm. 
 13 
 
 The main advantage of adding the metal is that it allows for a thinner SiO2 layer than 
would otherwise be possible.  The metal layer electromagnetically isolates the membrane from 
!
Fig. 2.4. FEM solutions for InGaAsP membranes on various substrates. Colors represent temperature in K. 
Values on the horizontal and vertical axes are distances in µm.  The maximum temperature is also listed. 
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the substrate, preventing excessive coupling into the higher index material.  Previous work on 
PhC membranes bonded to SiO2 layers have necessitated an even thicker oxide layer than used 
here (over 1 µm), typically grown on Si substrates [8].  Because SiO2 has a relatively low 
thermal conductivity, a thicker SiO2 layer will result in worse overall heat dissipation.  Due to 
these limitations, previous work has been unable to show CW optically pumped lasing on 
SiO2/Si substrates [8].  As presented in Chapter 4, however, CW optically pumped lasing has 
been achieved on metal-backed SiO2.  By allowing the oxide layer to be thinner than otherwise 
possible, while still having a high index contrast with the membrane, the metal-backed SiO2 
design provides a good compromise between sapphire and SiO2 substrates.  For the remainder of 
this dissertation, only sapphire and metal-backed SiO2 substrates are considered. 
2.4 Photonic Crystal Design 
 A large variety of PhC optical cavity designs have been proposed in the literature [4],[9]-
[14].  These designs fall into three broad categories: point-defect, line-defect, and bandedge.  
Figure 2.5 shows the eight types of PhC designs explored in this dissertation, organized by 
category.   All of the designs are based on a hexagonal lattice of holes with a period, or lattice 
constant, a.  This type of lattice has a large transverse electric (TE) photonic bandgap [15], 
which is necessary for good confinement.  The wavelengths of the confined optical modes vary 
proportionally to a, which allows for the lithographic tuning of the laser emission mentioned in 
Chapter 1.  Each design also has its own r/a ratio, where r is the radius of the holes.  The specific 
r/a values used herein are suggested from the literature. 
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The designs in the point-defect group generally have high Q-factors but also have a large 
field of closely spaced holes surrounding the cavity, which impedes current and heat flow.  In the 
nomenclature used here, D2 [10] and D4 [9] refer to “two-defect” and “four-defect” designs, 
which have two and four hexagonal rows of holes removed from the center of the lattice, 
respectively (in some papers the D2 design has been referred to as H2, where “H” stands for 
“hexagonal”).  The L3 [11] designation refers to a cavity with three holes in a line removed from 
the center of the lattice.  The D2 and L3 designs also contain slight modifications to the 
innermost row of holes in order to improve the Q-factor.  The final point-defect design, the 
!
Fig. 2.5. Illustration of PhC designs used here.  Drawings are not to scale. 
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decimated L3, is a modification to the standard L3 that was proposed at the University of Illinois 
[12].  This design removes a large group of holes in the regions perpendicular to the L3 cavity 
where the overlap with the optical mode is low, thus reducing electrical and thermal resistance 
with the tradeoff of slightly lower quality factor [12]. 
 The line-defect designs remove one or more entire lines of holes from a PhC lattice.  
While the mode is contained by the photonic bandgap in the direction perpendicular to the line, it 
is confined by the “mode gap” effect along the line [4].  This is achieved by having a slightly 
larger lattice constant in the center of the line as compared with the ends.  In other words, these 
designs have a PhC lattice heterostructure, leading to the line-defect heterostructure (LDH) name 
given here.  The numbers (1 and 3) refer to the number of rows removed.  The LDH design has 
been shown to have significant in-plane emission [4], which may be useful for coupling to on-
chip waveguides [4].  Simulations have also shown that LDH designs can have relatively high Q-
factors on higher index substrates (such as sapphire) [4].  Another advantage is that LDH designs 
are the only ones with an unimpeded current path from the outside of the crystal to the center of 
the cavity, along the defect, which is important for electrically injected devices. 
 The bandedge devices differ from the others mainly in the fact that they do not have a 
central cavity.  Instead, holes are removed periodically from a hexagonal lattice.  Confinement is 
based on the slow group velocity effect [13], [14], where the optical mode is distributed over a 
large area.  These devices are beneficial because they have a lower density of holes, which 
reduces resistance, and because their lack of a central defect makes them self-aligning with the 
lateral diode junction.  In fact, these designs were the only ones to show evidence of modified 
spontaneous emission in the previous work on LCI PhC membrane lasers at the University of 
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Illinois [16].  The main drawbacks are their large lasing mode, out-of-plane emission, and 
relatively large threshold, which reduce their usefulness in many applications. 
 A final consideration is which PhC designs lase on which substrates.  Preliminary testing 
with optically pumped PhC membrane lasers has shown that a larger variety of PhC designs lase 
on metal-backed SiO2 than on sapphire.  This is most likely due to the higher refractive index of 
sapphire, which increases out-of-plane coupling, and thus decreases the overall quality factor. 
2.5 Current Confinement Trenches 
 Previous work on LCI PhC membrane lasers [17], [16] has demonstrated that current 
confinement trenches are important in order to reduce leakage current and increase current 
density in the PhC cavity.  As shown in Fig. 2.6, parallel current paths exist around the PhC 
cavity.  An obvious solution to this problem, shown in Fig. 2.7(a), would be to etch a trench that 
extends all the way from the edge of the PhC to the edge of the membrane, thus isolating the n 
and p regions, except through the PhC.  Unfortunately, such a trench makes the membrane much 
more likely to crack or cleave in half during the bonding process, as shown in Fig. 2.8.  Other 
candidate trench designs are shown in Fig. 2.7(b) and 2.7(c). 
It would be desirable to have a simple simulation technique that could be used to evaluate 
the effect that different trench and PhC designs have on the current density at the center of a PhC 
cavity.  An earlier attempt [16] modeled the membrane as an array of series and parallel resistors, 
but that method does not accurately predict current flow around etched structures.  Here, a two-
dimensional FEM-based Ohm’s law simulation is used to model resistance and current flow in 
the membrane. 
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!
Fig. 2.8. Image of a membrane with the full-centered trench that did not survive bonding to sapphire. 
!
Fig. 2.7. Illustration of various etched trench designs to reduce parallel leakage current. 
!
Fig. 2.6. Illustration of an LCI diode with parallel leakage current around the PhC. 
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In this model, the membrane is assumed to be a thin conductor with spatially varying 
conductivity that is on top of an insulating substrate.   Derivation starts with the continuity 
equation:!
(2.2) 
where J is the current density and ! is the charge density.  The partial derivative with respect to 
time is assumed to be zero since this is an electrostatics problem.  The generalized form of 
Ohm’s law is also assumed to apply to conduction in the membrane: 
 (2.3)! 
where " is the electrical conductivity and E is the electric field.  Finally, the electrostatic 
assumption allows the electric field to be represented as the gradient of the scalar electric 
potential, #: 
(2.4) 
Substituting equations 2.3 and 2.4 into equation 2.2 yields the final result: 
(2.5) 
which can be solved using a FEM formulation [18].  The boundary conditions used in this 
problem are shown in Fig. 2.9.  Dirichlet boundary conditions are used on the two sides that 
represent the edges of the electrical contacts, with # set to 1 V at the p contact and 0 V at the n 
contact.  The homogeneous Neumann boundary condition [18] 
(2.6) 
is used on a all other boundaries, where n refers to the direction normal to the boundary. 
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 The conductivities of the n and p regions can be determined from the sheet resistance, 
Rsh, by assuming [16]:! 
(2.7) 
where tm is the thickness of the membrane.  The sheet resistance, in turn, can be measured using 
the Transfer Length Method (TLM), as described in Chapter 4.  The conductivity of the intrinsic 
region is more difficult to measure because it varies with the density of injected carriers, which is 
not taken into account in this simple model.  However, the intrinsic region conductivity can be 
used as a fitting parameter to fit the model to measured diode forward differential resistance, as 
was done in [16].  In order for this fit to be made, the total resistance of the simulated membrane 
must be calculated.  This can be accomplished by choosing a contour that divides the membrane 
in two, as shown by the line labeled c in Fig. 2.9, and integrating the current density along it, to 
(2.8) 
!
Fig. 2.9. Diagram of FEM mesh used for Ohm’s law model showing boundary conditions and regions with 
different conductivities. 
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find the total current that crosses that contour.  The total resistance can be determined from the 
total current and the applied voltage at the boundary. 
 The model described here does not take into account many of the phenomena associated 
with a diode junction such as carrier diffusion, the built-in potential, and carrier 
generation/recombination.  However, the diodes used here are atypical in the sense that the n and 
p regions are fairly long compared to the junction width and thickness, which makes series 
resistance a much more significant factor.  The simplicity of the model also leads to fast 
computer runtime, which allows for these qualitative current density simulations to be performed 
on many different designs, including designs that require very dense simulation meshes, such as 
those that contain a PhC.  An example of the output from the FEM simulation is shown in Fig. 
2.10.  In this case the conductivity is taken to be constant across the membrane.  The colors 
represent the electric potential and the arrows represent the current density, which can be seen 
bending around corners, as would be expected. 
 
!
Fig. 2.10. (Left) Simulated electric potential and current density in constant-conductivity membrane.  
(Right) Magnification of the marked region. 
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 Figure 2.11 shows the magnitude of the current density for a membrane with no trenches, 
as well as with the three trench designs mentioned previously.  Figure 2.12 shows the magnitude 
of the current density for membranes with no trenches, but with LDH and L3 PhC patterns.  The 
conductivities used were determined from experimental TLM measurements and fitting, which 
are described in more detail in Chapter 4.  Finally, Fig. 2.13 shows a comparison of the 
magnitude of the current density at the center of the membrane for all of the simulated designs.  
The membranes with no trench and with the bisected trench have the lowest center current 
density.  
 
!
Fig. 2.11. Simulated current density magnitude in membranes with various trench designs. Colors represent 
the magnitude of the current density in kA/cm
2
 on a log scale. Values on the horizontal and vertical axes 
are distances in µm. 
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The full-centered trench provides the greatest improvement, as expected, but the partial-
centered design shows a very similar result, so it is the preferred design due to its higher 
likelihood of surviving the bonding process.  The simulations also demonstrate the expected 
benefit of the LDH design in allowing current to flow into the center of the cavity. 
 
 
 
!
Fig. 2.12. Simulated current density magnitude in membranes with LDH (left) and L3 (right) PhC designs. 
Colors represent the magnitude of the current density in kA/cm
2
 on a log scale. Values on the horizontal 
and vertical axes are distances in µm. 
!
Fig. 2.13. (a) Simulated current density magnitude in the center of a membrane for various trench and PhC 
designs. (b) Percent change in current density magnitude from the equivalent case with no trench. 
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CHAPTER 3 
 
Fabrication 
 
3.1 Process Flow 
 In this chapter, the fabrication procedures employed for the photonic crystal membrane 
devices are discussed.  All of the fabrication steps (except ion implantation) for the devices 
presented in this dissertation are performed in the clean room of the Micro and Nanotechnology 
Laboratory at the University of Illinois.  The process flow described here is based on the work in 
[1], but with several important modifications to enable bonding to foreign substrates and to 
improve device performance.  This section gives an overview of all the processing steps, 
including process development.  Section 3.2 provides more details on the method used for post-
process bonding of devices and techniques to improve bonding yield.  Section 3.3 describes the 
ion implantation doses and energies, along with calculations used to determine the implantation 
profile and mask thickness.  A complete process follower, showing all process parameters, is 
given in Appendix A. 
 Figure 3.1 shows a summary of the fabrication steps, which begin with the definition of 
alignment marks.  Typically, alignment marks are composed of deposited Ti/Au, or similar 
metals [1].  However for the devices described herein, the alignment marks are etched into the 
semiconductor membrane using an inductively-coupled plasma reactive-ion etch (ICP-RIE).  The 
marks are etched to a depth of about 1 µm.  Etched marks are used because metal alignment 
marks are deformed by a later high-temperature activation anneal step, as shown in Fig. 3.2(a).  
High quality fiducials enable precision alignment between fabrication steps, especially when 
 27 
used with an electron beam (e-beam) lithography system.  The e-beam system used for this work 
(JEOL JBX-6000FS/E) cannot automatically detect the deformed metal mark of Fig. 3.2(a), but 
can find the etched mark shown in Fig. 3.2(b). 
 
 After alignment mark definition, a SiN mask is grown by plasma-enhanced chemical 
vapor deposition (PECVD).  This mask is used to block ions over unimplanted regions during 
ion implantation.  The minimum thickness necessary for an effective mask can be calculated for 
a given ion energy and dose, as described in Section 3.3.  In previous work [1], a thickness of 1 
µm is used, which is more than sufficient for any of the implant parameters used here.  A 1-µm 
thick mask can also be easily patterned using standard photoresist.  For this work, all 
!
Fig. 3.1. Summary of process flow for LCI PhC diodes bonded to sapphire. 
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photolithography is performed using a manual contact aligner, which is convenient for 
prototyping, but has limited alignment accuracy (approximately ± 1 to 2 µm). 
 
 The misalignment inherent to manual contact lithography causes two problems, as 
illustrated in Fig. 3.3.  First, the PhC cavity may not be in the center of the diode junction, which 
results in poor overlap between the resonant mode and the peak of the gain.  Second, because the 
p and n regions are defined by separate lithography steps, the separation, d, between them cannot 
reliably be made less than 1 to 2 µm.  In LCI diodes, a smaller d (ideally < 1 µm) results in 
higher carrier densities and a gain peak that is closer to the center of the junction [1],[2]. 
 It is preferable to pattern the p and n implant regions using e-beam lithography in order to 
get better alignment and smaller separation, as was done in [3].  The main problem with this 
approach is that e-beam resist is much thinner than photoresist, which limits the maximum SiN 
thickness (in this case, to about 400 nm).  The energy of the ion implant can be reduced in order 
to accommodate a thinner SiN mask, as described in Section 3.3.  However, even with a lower 
energy, the 400 nm SiN layer is not sufficient to protect the membrane.  Micro-
photoluminescence (µPL) measurements (see Chapter 4 for more details) confirm that 
!
Fig. 3.2. (a) Ti/Au alignment mark after activation anneal. (b) Etched alignment mark. 
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photoluminescence in the masked regions is significantly reduced after ion implant using the 400 
nm mask. Therefore, all samples processed to completion utilized optical lithography to define 
implant regions in 1-µm thick SiN masks.  Nevertheless, some details of the e-beam fabrication 
are provided in this section for completeness. 
 
 To pattern the thick mask, 5214 photoresist is used and the SiN is etched in a reactive-ion 
etcher (RIE) using CF4 gas.  To pattern the thin mask, ZEP 520-7a e-beam resist is used and the 
SiN is etched in a RIE using CHF3 gas.  After etching, the resist is removed and the samples are 
sent to a commercial provider for ion implantation of Si ions [1],[4]-[7] for n-type doping.  Once 
the samples are returned, the SiN is removed using buffered oxide etch (BOE) and the whole 
process is repeated for the p-type implant.  A co-implantation of Be and P is used for the InP-
based membranes, while only Be is used for the GaAs membrane [1],[4]-[7].  The SiN mask is 
again removed using BOE. 
 After ion implantation, the samples must be annealed at high temperature in order to 
activate the dopants and heal implantation damage [1],[4]-[7].  The samples are first capped in a 
thin (50 nm) SiN layer and then placed face-down on a carrier wafer inside of a rapid thermal 
!
Fig. 3.3. Illustration of misalignment between PhC cavity and implanted regions (not to scale). 
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annealer (RTA).  An InP carrier wafer is used during anneals for epitaxial design A, while a 
GaAs carrier wafer is used during anneals for epitaxial design B.  The SiN cap and carrier wafer 
help prevent out-diffusion and protect the surface of the membrane [1],[4]-[7].  After annealing 
is complete, the SiN is again removed in BOE. 
The time and temperature of the anneal must be carefully chosen in order to balance 
improvements to the doped regions with accompanying degradation of the intrinsic regions.  
High anneal temperatures and long times tend to increase activation percentages and heal more 
damage to the crystal in implanted regions [1],[4]-[7].  Annealing also causes quantum well 
intermixing (QWI) which increases the band gap and blue-shifts the gain spectrum [1],[8].  The 
QWI effect is more pronounced in ion-implanted regions [1],[8] and has the beneficial side effect 
in LCI diodes of creating lateral carrier confinement [1].  However, QWI is undesirable in the 
intrinsic regions, especially since it can also reduce luminescence.  An effective RTA recipe 
should result in high dopant activation (which can be determined through sheet resistance 
measurements), high levels of damage repair and QWI in the doped regions, and low levels of 
QWI in the intrinsic regions (all of which can be measured using µPL). 
 Two different RTA recipes are used here, as shown in Table 3.1.  Both recipes are two-
step processes [1],[6]: a short, high temperature step followed by a longer, lower temperature 
step.  RTA recipe A was used in [1] and the first step of recipe B was used in [3].  Results of 
sheet resistance measurements are provided in Chapter 4, but µPL of membranes pre- and post-
RTA are shown in this chapter because such measurements were used for process development.  
Figure 3.4 shows the change in the peak quantum well photoluminescence wavelength of an 
undoped InGaAsP membrane as RTA temperature is increased for a single 60 sec process.  In all 
cases, QWI results in a blue-shift of the peak wavelength, but that shift is less than 1 nm at 700 
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°C.  In other words, a 700 °C anneal for 60 sec has almost no effect on the optical properties of 
the undoped membrane, though it has been shown to significantly improve the electrical 
properties of the doped regions [1],[6], which is why this second step is used for both recipes. 
 
 
Figure 3.5(a) shows µPL measurements before and after RTA recipe A in the n, p, and 
intrinsic regions.  Implant Schedule A was used in this case (see Section 3.3).  These results 
show that the intrinsic region photoluminescence was little modified by the two-step RTA 
process, though the doped regions experienced significant QWI, as desired.  The damage caused 
by ion implantation was partially healed in the p-doped region (as indicated by the higher 
Table 3.1. RTA recipes used in this dissertation. 
RTA Recipe Step 1 Step 2 
A 825 °C for 5 sec. 700 °C for 60 sec. 
B 850 °C for 15 sec. 700 °C for 60 sec. 
 
!
Fig. 3.4. Change in the peak quantum well photoluminescence wavelength due to QWI for an un-implanted 
InGaAsP membrane after annealing for 60 sec at various temperatures.!
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photoluminescence peak), though it was not significantly healed in the n-doped region.  Figure 
3.5(b) shows similar measurements for a membrane processed with RTA recipe B, though the 
results are not directly comparable because Implant Schedule B was used in this case (see section 
3.3).  The luminescence in the p-doped region is much higher than in the previous case, but the 
luminescence from the n-doped region is only modestly improved.  Since Implant Schedule B is 
designed to have about twice the dopant concentration of Schedule A, and thus would be 
expected to cause more damage, this increase in luminescence is most likely due to the higher 
temperature and longer time of RTA recipe B. 
 After activation annealing is complete, metal contacts are deposited over the n and p 
regions.  A liftoff procedure using 5214 photoresist and photolithography is used to define the 
patterns.  AuGe/Ni/Au (40/20/140 nm) is used for the n contact, as in [1].  AuBe/Au (15/150 nm) 
was used in [1] for the p contact, with 5 nm of Ti added prior to the AuBe in order to improve 
adhesion.  Next, a contact anneal is performed in a RTA at 400 °C for 45 sec [1] in order to form 
ohmic contacts.  As with the previous anneal, the samples are placed face-down on a carrier 
!
Fig. 3.5. !PL measurements of an InGaAsP quantum well membrane after ion implantation using: (a) RTA and 
implant schedule A. (b) RTA and implant schedule B.  Labels ‘i’, ‘n’, and ‘p’ indicate photoluminescence from 
the intrinsic, n-type, and p-type regions prior to RTA, while ‘i RTA’, ‘n RTA’, and ‘p RTA’ indicate 
photoluminescence from the same regions after RTA. 
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wafer, though a SiN cap is not used because removing it in BOE could inadvertently lift off some 
of the contacts. 
 At this point diode fabrication is complete, leaving only PhC patterning and bonding.  
PhC definition begins by depositing a 200 nm SiO2 layer by PECVD.  Then, the e-beam resist 
PMMA is spun on, also to a thickness of about 200 nm.  The patterns are written by e-beam 
lithography with a 1 nA beam current.  Though the PhC is composed of an array of circles, the 
actual pattern written is an array of octagons, with a maximum width slightly smaller than the 
equivalent circle, as shown in Fig. 3.6(a).  Octagons are used instead of circles because the e-
beam system can only write polygons, and a circle will be approximated with a large number of 
polygons, which can increase write time and the amount of computer memory used to store a 
PhC pattern.  The e-beam dose is chosen to be high enough so that the resulting pattern is 
circular and has the intended diameter, as shown in Fig. 3.6(b). 
 The PhC pattern is transferred into the SiO2 using a RIE with CHF3 gas, after which the 
remaining PMMA is removed.  Another photolithography step is performed at this point to 
define mesas, which electrically isolate devices and help with the bonding process, as explained 
in the next section.  The mesa pattern is transferred into the SiO2 using a RIE with CF4 gas.  
Next, the PhC and mesa patterns are transferred into the semiconductor membrane using an ICP-
RIE.  For the InGaAsP membrane a mixture of Cl2, Ar, and H2 gas is used and the substrate is 
heated to 250 °C in order to help eliminate the InCl etch byproduct [1].  Finally, the remaining 
SiO2 mask is removed using a brief BOE step in order to minimize the loss of metal contacts. 
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Primary fabrication of the devices is complete at this stage, but they will not lase because 
of a lack of vertical confinement between the membrane and substrate.  The substrate must be 
removed to prevent this, which is accomplished using various wet chemical etchants [9].  A post-
process bonding technique in then used to place the devices on a low-index foreign substrate, as 
described in the next section. 
3.2 Post-Process Bonding 
 A wide variety of techniques have been explored for bonding active optical materials 
(such as GaAs or InP) to lattice-mismatched semiconductor substrates (such as Si) or to low-
index insulators (such as sapphire or SiO2) [10]-[18].  In either case, the goal is to create a 
material heterostructure that is not realizable with standard semiconductor epitaxial growth 
techniques such as metal-organic chemical vapor deposition (MOCVD) or molecular beam 
epitaxy (MBE).  Methods for bonding have included direct wafer bonding [11]-[13], plasma-
assisted bonding [14], BCB bonding [15], Au/In bonding [16], and Van der Waals (VDW) 
bonding [17],[18], among others. 
!
Fig. 3.6. (a) Schematic of a PhC hole where the grey circle is the intended pattern and the red octagon is the 
pattern that is input into the e-beam system. (b) PhC holes etched into a SiO2 mask. 
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 Many of these techniques have been used to create optically pumped PhC membrane 
lasers on various substrates [12]-[13],[15]-[16],[18], though in most cases the membrane bonding 
is performed before device fabrication.  Pre-process bonding is acceptable for manufacturing 
optically pumped PhC devices because only a few low-temperature steps are necessary to 
complete the fabrication (mask growth, e-beam patterning, and etching).  In the case of the LCI 
PhC membranes described here, many more processing steps are needed.  In particular, a high 
temperature anneal is required to activate the ion implanted dopants.  This annealing step would 
either destroy a bonded membrane due to thermal stress caused by a mismatch in the coefficient 
of thermal expansion, or would exceed the thermal budget of an adhesive such as BCB [10]. 
 For these reasons, a post-process bonding method is used.  This bonding technique is 
based on the VDW bonding method developed by Yablonovitch et al. [17] that used a wax-like 
polymer called Apiezon W to lift off an un-patterned GaAs membrane from its substrate and 
place it on a glass slide.  Here, the wax is applied to fully fabricated devices.  As shown in Fig. 
3.7, a small pellet of Apiezon W is placed on the surface of the membrane.  The wax is then 
melted at 125 °C to form a smooth dome, several millimeters tall, that covers the entire 
membrane.  The piece is then flipped over and placed in an acid to remove the substrate.  A 
HCl:H2O (4:1) [9] solution at approximately 5 °C is  used to etch an InP substrate in about four 
hours.  A solution of C6H8O7:H2O2 (5:1) [9] at room temperature is used to etch a GaAs substrate 
in about 30 hours.  Termination of the etch can be determined by observing the smooth surface 
of the membrane (instead of the rough substrate). 
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Once the etch is complete, the membrane embedded in the wax is lifted out of the acid 
and briefly rinsed.  Then, the membrane (while still wet) is placed on another substrate (e.g. 
sapphire) and pressed firmly in order to squeeze out the excess water.  The surface tension of the 
water helps encourage the bonding process [17].  The substrate, membrane, and wax are then left 
for several hours to allow the remaining water to diffuse out the sides of the bonding interface 
[17].  Finally, the wax is removed using the solvent methylene chloride, leaving behind the 
fabricated membrane devices on the new substrate. 
The membrane is held to the substrate solely by the weak, long-range VDW forces that 
exist at the interface between two surfaces [17],[19],[20].  This is in contrast to the much 
!
Fig. 3.7. Summary of post-process bonding procedure. 
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stronger, short-range ionic or covalent bonds that bind the atoms of most solids [19].  The VDW 
force is the sum of several different forces (such as the Debye and London dispersion forces) that 
take place between dipoles in neutral molecules [20].  Such dipoles can exist even in neutral 
molecules due to uneven charge distribution, induced dipoles, quantum mechanical charge 
fluctuations, and other effects [20].  Despite its relatively weak nature, the VDW bond is 
sufficient to provide mechanical stability for the devices, and has persisted for several months 
with no visual indication of the bond degrading. 
Several fabrication issues have been addressed to improve the yield of bonded devices.  
Figure 3.8 shows an early test of a PhC membrane bonded to SiO2.  In this case, the PhC patterns 
are the only features in the membrane.  Bonding an entire membrane without mesas results in 
long cracks that most likely develop when the wax is picked up by a tweezers to remove it from 
the acid.  Etching mesas prior to bonding allows the wax to flex when handled without causing 
cracks.  Figure 3.9(a) shows SiO2 mesas (used for process development) embedded in wax prior 
to bonding and Fig. 3.9(b) shows another test of PhC patterns in InGaAsP mesas bonded to 
sapphire.  Though the cracks are no longer present, many of the mesas are missing (having 
washed away during the soak in methylene chloride) and the mesas that remain are still covered 
in a thin layer of wax residue. 
 The problem of mesas washing away was not observed in process development tests of 
SiO2 mesas on InP, but only with mesas etched into actual epitaxial material (specifically, 
epitaxial design A).  One significant difference between those two cases is the almost perfect 
selectivity of dry-etching SiO2 on InP versus virtually no selectivity of dry etching InGaAsP on 
InP.  When the wax is applied to an over-etched mesa and a selective wet HCl removes the InP 
substrate, then the base of the wax is significantly lower than the bottom of the InGaAsP 
 38 
membrane, as shown in step 4 of Fig. 3.7.  When the wax is subsequently pressed onto a sapphire 
substrate, many of the mesas do not come into intimate contact with the sapphire, and thus do not 
bond. 
 
 
 One solution to this problem is to etch the mesa using a selective wet etch, which can be 
accomplished using a piranha solution.  A piranha solution (H2SO4:H2O2:H2O 1:1:10 [9]) has 
fairly high selectivity between InGaAsP and InP, meaning the etch will stop on the InP substrate.  
!
Fig. 3.8. Membrane with PhC pattern bonded to SiO2 substrate.  Large cracks develop if mesas are not 
etched prior to bonding. 
!!!!! !
Fig. 3.9. (a) SiO2 mesas embedded in wax prior to bonding. (b) InGaAsP mesas bonded to sapphire showing 
missing or displaced devices and wax residue. 
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This solution works well for unimplanted membranes.  Unfortunately, ion-implanted n and p 
regions etch at very different rates in piranha solution, leading to uneven etching.  The regions of 
the membrane that are to be etched do not have to be implanted; this was an unintended feature 
of the mask design, which could easily be removed in future work.  A suitable substitute to the 
piranha etch is to simply shorten the time of the dry etch that defines the mesa, keeping the etch 
depth to around 1 µm.  If enough pressure is applied to the wax upon bonding, nearly all of the 
mesas will adhere to the sapphire substrate. 
 Another step to improve the bonding process is to add a fairly long (10 min) O2 plasma 
process step after the wax is removed.  This is sufficient to remove most of the wax residue that 
remains on the surface of the mesas.  Images of fully fabricated devices in wax and bonded by 
the improved process to sapphire are shown in Fig. 3.10.  The only remaining factor that reduces 
bonding yield is the presence of current confinement trenches, as mentioned in Section 2.5.  
Trenches that extend all the way to the edge of the mesas generally result in poor yield, but 
truncating the trenches significantly improves yield, as shown in Fig. 3.11. 
 One final note is on bonding to the metal-backed SiO2 substrate mentioned in Section 2.3.  
In a few cases, bonding was performed prior to PhC fabrication using a method that relies on a 
VDW bond between two Au surfaces (see Appendix B for more details).  For the reasons 
mentioned earlier, such a pre-process bonding method is not suitable for bonding ion-implanted 
LCI diode membranes, so only photopumped devices were manufactured in this manner.  A post-
process method for bonding to a metal-backed substrate has also been used and involves growing 
SiO2 on a Au surface by PECVD.  Mesas can then be bonded to the SiO2 surface by the wax-
based method described above.  The only caveat is that the SiO2 will sometimes crack when 
grown directly on Au.  It was found that depositing a thin layer of sapphire (around 25 nm) on 
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the Au by atomic layer deposition (ALD) prior to the SiO2 deposition eliminates the cracking 
problem. 
 
3.3 Ion Implantation 
 Ion implantation is used to introduce dopants into a semiconductor membrane in order to 
form a lateral diode junction.  The profile of the implanted dopants can be accurately predicted 
using a Monte Carlo simulation method implemented in the SRIM computer program [21].  
Ideally, the profile would be uniform through the entire depth of the membrane.  However, the 
!
Fig. 3.10. Fully fabricated LCI PhC membranes (a) embedded in wax, and (b) bonded to sapphire. 
!
Fig. 3.11. Fully fabricated LCI PhC membranes on sapphire with truncated isolation trenches. 
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actual profile has an approximately Gaussian distribution [22].  The projected range Rp (i.e. the 
depth of maximum concentration) and straggle !Rp (i.e. standard deviation around Rp) of the 
Gaussian profile are determined solely by the implant energy for a given ion and target material.  
Implants at multiple different energies can be used to create a nearly uniform distribution [22].  
The SRIM simulation outputs the number of implanted ions per cm as a function of distance into 
the membrane.  Multiplying this output by the dose (in units of cm
-2
) yields the dopant 
concentration as a function of distance. 
 A high dopant concentration is sought in order to reduce resistance and ensure that 
adequate quasi-Fermi level separation can be achieved when a bias is applied to the diode 
[1],[22].  The maximum concentration that can be realized is limited by two factors.  First, 
implantation leads to crystal damage that can create amorphous layers when excessive doses are 
used [4].  Second, the ion activation percentage (upon annealing) decreases as the dose increases 
[4], meaning that increasing the dose has diminishing benefits beyond a certain level.  Previous 
research has shown that the maximum possible concentration that is possible via ion 
implantation in InGaAsP (without excessive damage) is around 2x10
19
 cm
-3
 [4]. 
 The two ion implant schedules used in this dissertation are given in Table 3.2.  Schedule 
A was used in [1] and is designed to take advantage of the cap layer in epitaxial design A in 
order to achieve high dopant concentration at the surface of the membrane (in order to have low 
contact resistance).  Figure 3.12(a) shows the simulated dopant concentration for the Si implant 
from Schedule A into InP.  The peak of the lower energy implant is chosen to be at the interface 
between the cap and the membrane.  After implant, the cap is removed by the same HCl etch 
described in the previous section.  Schedule B is designed for use with membranes that do not 
have a cap layer, such as epitaxial designs B, and also has a higher peak concentration.  Schedule 
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B can be used with epitaxial design A if the cap layer is removed prior to implantation.  Figure 
3.12(b) shows simulated dopant concentration for the Si implant from Schedule B into InP.  Both 
schedules use substrate heating to 200 °C during implant in order to help prevent formation of an 
amorphous layer [1],[5] for the InP-based samples, but no substrate heating is used during 
implantation of the GaAs samples. 
 
Table 3.2. Ion implant schedules used in this dissertation. 
Schedule Species Type Energy [keV] Dose [cm
-2
] 
A Si n 90 0.4e14 
A Si n 250 1.2e14 
A Be p 23 0.37e14 
A Be p 70 1.3e14 
A P Neutral (co-implant 
with Be for InP) 
90 0.4e14 
A P Neutral (co-implant 
with Be for InP) 
270 1.25e14 
B Si n 30 0.4e14 
B Si n 120 1.8e14 
B Be p 10 0.3e14 
B Be p 30 1.9e14 
B P Neutral (co-implant 
with Be for InP) 
30 0.3e14 
B P Neutral (co-implant 
with Be for InP) 
110 1.6e14 
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 For each implant schedule it is also necessary to determine the SiN mask thickness 
necessary to protect the un-implanted regions.  A mask can be considered effective if the 
concentration of dopants directly under the mask is much less than the intrinsic concentration, ni, 
of carriers in the semiconductor.  SRIM can be used to calculate the concentration of carriers in a 
SiN mask; however, it is not suitable for evaluating mask effectiveness because the simulation 
has low dynamic range (i.e. the simulation reports a concentration of exactly 0 near the bottom of 
the mask, which is not necessarily correct).  Instead, a Gaussian model is used to estimate the 
concentration in the mask [22]: 
(3.1) 
where N(z) is the concentration as a function of depth z into the target, and ! is the dose.  The 
projected range and straggle are determined from SRIM.  Using this model, a mask is said to be 
effective if N(zm) << ni, where zm is the thickness of the mask (ni is around 2e7 cm
-3
 for InP [23]).  
Though the Gaussian model is an approximation of the actual ion distribution, it is quite accurate 
for the relatively low implant energies used here, as shown in Fig. 3.13. 
!
Fig. 3.12. SRIM calculations of Si concentration in InP for implant schedules (a) A and (b) B. 
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 The Gaussian models for Si implanted into SiN for implant schedules A and B are shown 
in Fig. 3.14 on a log scale.  For a mask thickness of 1 µm, both implant schedules lead to a 
concentration under the mask that is far less than the intrinsic concentration (in fact, it is 
essentially zero).  Tests confirm that the µPL from masked regions under a 1-µm mask are 
unaltered after implantation.  For a mask thickness of 400 nm, implant schedule A is predicted to 
yield a concentration of about 4e16 cm
-3
 under the mask, which is unacceptably large.  Implant 
schedule B is predicted to yield a concentration of around 1 cm
-3
 (again, essentially zero) under a 
400 nm thick SiN mask.  However, as mentioned earlier, µPL measurements showed significant 
degradation of masked regions for quantum well membranes.  There are at least two possible 
explanations for this discrepancy.  First, the predicted concentration under the mask rises very 
quickly for a small decrease in the mask thickness (a decrease of only 10% would cause the 
concentration to increase to about 2e5 cm
-3
), meaning that minor process or mask thickness 
variations can have a significant effect.  Second, there may be small pinhole defects in the SiN 
films, which can cause a decrease in mask effectiveness that is not accounted for by the model. 
!
Fig. 3.13. Comparison between SRIM Monte Carlo simulation and Gaussian model for Si implanted into 
InP at 90 keV. 
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CHAPTER 4 
 
Characterization 
 
4.1 Characterization Setup 
 Optical and electrical characterizations of PhC samples fabricated for this dissertation are 
carried out on the stage of a micro-photoluminescence (µPL) measurement system, as shown in 
Fig. 4.1.  The µPL system uses an objective lens to focus light from a 980 nm laser pump source 
onto the surface of a PhC membrane.  Light output from the PhC laser is collected through the 
same lens and coupled into an optical fiber for measurement in an optical spectrum analyzer 
(OSA).  The pump laser can operate either CW or pulsed.  In pulsed mode, it is typically 
operated with a duty cycle of 2% or less and a pulse width of 0.1 µs.  Electrical probes on the 
ends of micromanipulators are also placed next to the stage in order to provide electrical 
injection for the diodes.  Voltage and current sweep measurements are performed with a 
semiconductor parameter analyzer (SPA). 
 
!
Fig. 4.1. (Left) Image of µPL measurement system. (Right) Image of an InGaAsP membrane bonded to 
sapphire on the stage of the µPL measurement system. 
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 The µPL system itself is also characterized in order to determine the total amount of 
optical power from the pump laser that is incident on the devices.  This is accomplished by 
placing a calibrated photodetector on the stage and focusing the pump spot onto its surface.  The 
photocurrent from this detector is measured as a function of current from the pump laser’s 
current source.  Photocurrent measurements are converted into units of power using the 
calibrated detector responsivity at 980 nm.  The resulting data, shown in Fig. 4.2, gives optical 
input power as a function of laser pump current. 
 
4.2 Membrane Characterization 
 The effect of the bonding process on the optical properties of the membrane can be 
determined by measuring the photoluminescence before and after bonding.  Figure 4.3(a) shows 
these measurements for an InGaAsP membrane bonded to sapphire under pulsed optical 
pumping.  Similar data for the same membrane material bonded to metal-backed SiO2 are shown 
in Fig. 4.3(b) under CW optical pumping.  The spectra are essentially the same before and after 
!
Fig. 4.2. Power calibration of 980 nm optical pump. 
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bonding in both cases, indicating that the bonding process does not damage the membrane in any 
significant way. This result is consistent across a single sample and over many different samples. 
 
A comparison of pre- and post-bonding photoluminescence under CW pumping for the 
GaAs quantum dot membrane is shown in Fig. 4.3(c).  The luminescence is slightly reduced after 
bonding in this case, but that may be due to overetching when the GaAs substrate was removed.  
Difficulties in removing the GaAs substrate prevented samples in this material from being fully 
!
Fig. 4.3. Photoluminescence measurements before and after bonding for: (a) InGaAsP membrane bonded to 
sapphire under pulsed optical pumping; (b) InGaAsP membrane bonded to metal-backed SiO2 under CW 
optical pumping; and (c) GaAs quantum dot membrane bonded to SiO2 under CW optical pumping. 
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fabricated.  Therefore, only results from the InGaAsP material are provided in the remainder of 
this chapter. 
4.3 Optically Pumped Lasers 
 A variety of PhC devices are found to lase optically pumped, both CW and pulsed, on 
sapphire and metal-backed SiO2.  The D2 cavity, for example, lases CW on both types of 
substrates.  A CW light output versus light input (L-L) curve and lasing spectrum for a D2 cavity 
on metal-backed SiO2 are shown in Fig 4.4(a) and 4.4(b), respectively. 
 
!
Fig. 4.4. CW optically pumped D2 cavity on a metal-backed SiO2 substrate. (a) L-L curve. (b) Lasing 
spectrum. (c) Peak lasing wavelength versus incident power. (d) Scanning electron micrograph (prior to 
bonding). 
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 The thermal properties of this device can be measured by plotting the lasing wavelength 
versus pump power, as shown in Fig. 4.4(c).  The slope of this line can be used to calculate the 
thermal impedance of the laser using [1],[2]: 
 (4.1) 
where the change in wavelength with change in temperature (!"/!T) is assumed to be 0.05 nm/K 
[1],[2].  Low thermal impedance is preferred since it will result in lower operating temperature.  
The thermal impedance of this device is found to be 20.8 K/mW, which is similar to an earlier 
report of 11 K/mW for a PhC laser bonded to SiO2 grown on Si [2].  An image of a fabricated D2 
cavity is shown in Fig. 4.4(d). 
Similar L-L, spectral, and wavelength plots are shown in Fig. 4.5(a)-(c) for a D2 cavity 
on sapphire under CW pumping.  In this case, the thermal impedance is found to be 3 K/mW, 
which is similar to a previous report of 2.6 K/mW for a PhC laser bonded to sapphire [2].  The 
reduced thermal impedance is a consequence of the greater thermal conductivity of the sapphire 
substrate. 
 The LDH1 cavity has been observed to lase pulsed when the membrane is bonded to a 
sapphire substrate.  The L-L curve and lasing spectrum are shown in Figs. 4.6(a)-(b) for a device 
with a period of 350 nm.  The below-threshold lasing spectrum is also shown in Fig. 4.6(c), from 
which a Q-factor of 1925 is extracted.  This value is similar to theoretical predictions in [3].  The 
inability of the LDH1 devices to lase CW may be due to the smaller cavity size (compared to the 
D2 design) or to the difficulty in aligning the pump spot to the cavity center (since the cavity 
center along the line defect cannot be easily detected under an optical microscope), both of 
which can lead to inefficient pumping. An image of a LDH1 cavity is shown in Fig. 4.6(d). 
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 A summary of all the optically pumped laser types tested here is provided in Table 4.1.  
The table describes whether the devices lased CW or pulsed on either sapphire or metal-backed 
SiO2.  Finally, Fig. 4.7 shows lasing spectra from a series of D2 and LDH devices with varying 
PhC periods, demonstrating the wide wavelength range over which these devices can be 
lithographically tuned. 
!
Fig. 4.5. CW optically pumped D2 cavity on a sapphire substrate. (a) L-L curve. (b) Lasing spectrum. (c) 
Peak lasing wavelength versus incident power. 
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Table 4.1. Summary of optical pumping for PhC cavities on sapphire and metal-backed 
SiO2 substrates. 
PhC Type Sapphire Metal-backed SiO2 
D2 CW CW 
D4 Pulsed Not available 
L3 No lase CW 
L3 Decimated Not available CW 
LDH1 Pulsed Pulsed 
LDH3 Pulsed Pulsed 
Graphene No lase Pulsed 
Kagome No lase Pulsed 
 
!
Fig. 4.6. Pulsed optically pumped LDH1 cavity on a sapphire substrate. (a) L-L curve. (b) Lasing spectrum. 
(c) Below-threshold spectrum. (d) Scanning electron micrograph (prior to bonding). 
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4.4 Current-Voltage Characteristics 
 Two types of electrical measurements are performed on the fully fabricated samples.  
First, transfer length method (TLM) measurements [4] on specialized structures are used to 
determine the sheet resistance, contact resistance, and conductivity of the implanted regions.  
These parameters are used in the Ohm’s law model described in Section 2.5.  The TLM 
measurements can also be used to estimate the doping concentration, from which the dopant 
activation percentage can be calculated.  All TLM measurements are performed prior to bonding.  
Secondly, I-V measurements of devices are used to verify diode operation and to find their 
differential resistance.  Diode measurements are performed on bonded devices.  The differential 
resistance is used for fitting the intrinsic region conductivity in the Ohm’s law model. All 
electrical measurements are performed in a darkened room with the microscope illuminator 
turned off to avoid photoconductive effects. 
 The TLM measurements are performed on a series of contact pads placed on top of a 
doped region with increasing separation between them, as illustrated in Fig. 4.8.  Resistance is 
!
Fig. 4.7. Pulsed optically pumped lasing spectra from (a) D2 cavities on metal-backed SiO2 and (b) LDH1 
cavities on sapphire, with varying PhC periods (indicated in nm above each peak). 
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measured between each adjacent pair of contacts using a voltage sweep.  Example I-V curves 
from contacts separated by 30 µm on n and p doped regions are shown in Fig. 4.9(a)-(b).  The I-
V relationship for the n-type region is linear, indicating an Ohmic contact, while the I-V curve of 
the p-type region shows a rectifying barrier.  Such a non-Ohmic contact is undesirable, but is 
acceptable since the barrier potential is relatively small.  Resistance for the p-type I-V curves is 
determined from the slope of the linear region. 
 
The resistance as a function of contact separation is plotted in Fig. 4.9(c)-(d) for both 
dopant types, along with a linear fit.  The sheet resistance, Rsh, and contact resistance, Rc, can be 
calculated from the linear fit by the following relations [4]: 
(4.2) 
(4.3) 
where m is the slope of the line, b is the intercept of the vertical axis, and h is the height of the 
contact pad (100 µm in this case).  Resistivity, !, can be calculated from the sheet resistance 
using [5]: 
 (4.4)  
!
Fig. 4.8. Schematic of contact pads (gold color) on a doped region (red color) for TLM measurements. 
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where tm is the thickness of the membrane.  This makes the simplifying assumption that all 
conduction takes place in the membrane [5].  Finally, the resistivity is related to the carrier 
concentration by this expression [5]: 
(4.5) 
where q is the elementary charge, n and p are the carrier concentrations, and µe and µh are the 
mobilities of electrons and holes, respectively.  Either n or p can be solved for by assuming that 
the minority carrier concentration is negligibly small (i.e. taken to be zero).  The values of µe and 
µh in InGaAsP are taken to be 3000 and 100, respectively [5]. 
 Results from applying equations (2) – (5) to the data in Fig. 4.9 are given in Table 4.2.  
This table also shows the activation percentage, which is the calculated dopant concentration 
divided by the peak ion concentration, as predicted in Section 3.3.  The activation percentage for 
the p-doped region is similar to previous results [5].  However, the percentage for the n-doped 
region is greater than 100%, which is clearly non-physical.  Because the dopant concentration is 
derived from the sheet resistance, the latter also must be considered suspect.  In order to obtain a 
more reasonable value for Rsh to be used in the Ohm’s law model, it is assumed that the 
activation percentage in the n region is the same as in the p region.  This is a reasonable 
assumption since previous research has determined that activation percentages are similar for n 
and p dopants in InGaAsP, as was mentioned in Chapter 2.  From this assumption, a new sheet 
resistance value of 30 !/! is determined for the n region, which is the value that is used for the 
Ohm’s law model. 
 57 
 
Table 4.2. Material parameters derived from Fig. 4.9. 
 n-type p-type 
Rsh [!/!] 5.09 937 
Rc [!] 1.97 47.28 
Resistivity [!-cm] 1.30E-4 2.39E-2 
Dopant Concentration 
[cm
-3
] 
1.60E19 2.61E18 
Activation [%] 356% 58% 
 
!
Fig. 4.9. I-V curve for TLM contacts separated by 30 µm for (a) n-type region, and (b) p-type region.  
Resistance versus contact separation for all TLM contacts for (c) n-type region, and (b) p-type region. 
Measurements are from a sample doped according to Implant Schedule A. 
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 Next, the I-V characteristics of fully fabricated devices are measured.  Figure 4.10 shows 
the I-V curves of typical diode devices on a linear and semi-log scale for both ion implant 
schedules (see Section 3.3).  For low forward bias, the I-V curves clearly have an exponential 
dependence on the applied voltage, as would be expected for a diode.  At high forward bias, the 
curves are dominated by the series resistance of the devices and show a linear dependence on 
voltage.  A fit to the linear region for both curves is also shown in Fig. 4.10(a), the slope of 
which is taken to be the differential resistance. 
 
 The diodes are fabricated with varying intrinsic region lengths, d, and junction widths (at 
their narrowest point), w.  Figure 4.11 shows the measured differential resistance with various 
values of d and w, for mesas with and without an isolation trench (and no PhC).  In this case, a 
“bisected” trench is used (see Section 2.5).  The data for w = 20 µm (without a trench) is used to 
fit the intrinsic region sheet resistance of the Ohm’s law model, resulting in a value of 4000 
!/!.  Figure 4.11 also shows the simulated differential resistance from the Ohm’s law model 
!
Fig. 4.10. I-V curves of typical bonded diodes (d = 2 µm, w = 3 µm) on (a) a linear, and (b) a semi-log scale. 
Measurements are from samples doped according to Implant Schedules A and B. 
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using the fitted intrinsic region sheet resistance.  The total simulated resistance for a device 
includes the contact resistance for the n and p regions.  Simulated resistance values match well 
for the w = 20 µm case, both with and without a trench, even though the intrinsic region sheet 
resistance was only fitted for the data without a trench.  The match to the w = 3 µm data is not as 
good, but still shows the general trend of higher resistance with smaller w. 
 
4.5 Electrically Injected Emitters 
 This section presents data on electroluminescence from bonded devices.  All of the data 
shown here are for devices with PhC cavities.  Electrical measurements are conducted on the 
µPL stage in order to improve collection of the emitted light.  This is accomplished by aligning 
the pump laser to the center of the PhC cavity and verifying optically pumped lasing prior to 
electrical injection.  Figure 4.12(a) shows the evolution of the electroluminescence spectra from 
a D4 cavity device bonded to sapphire as the forward DC bias is increased.  Figure 4.12(b) 
shows the integrated optical power and current as a function of DC bias for the same device. 
!
Fig. 4.11. Measured and simulated resistance of membranes with (a) w = 20 µm, and (b) w = 3 µm. 
Measurements are from a sample doped according to Implant Schedule A. 
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Lasing is not observed under CW or pulsed electrical injection.  However, the spectrum 
of the electroluminescence is different from the optically pumped luminescence of the intrinsic 
region (away from the PhC), as seen in Fig. 4.13.  The main difference is an extra peak that 
appears at a shorter wavelength compared to the standard quantum well luminescence peak.  
This likely is not due to modified electroluminescence, since the cavity mode is at a different 
wavelength, as apparent in the photo-pumped lasing spectrum shown in Fig. 4.13.  Rather, this 
blue-shifted peak is probably due to recombination occurring in the doped regions, particularly 
the p-doped region (since the luminescence of the n-doped region is severely reduced).  These 
results are typical of all the measured PhC devices bonded to sapphire. 
!
Fig. 4.12. D4 cavity bonded to sapphire. (a) Electroluminescence spectra with increasing DC current. (b) 
Integrated electroluminescence power and current as a function of bias voltage. Measurements are from a 
sample doped according to Implant Schedule B. 
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 Another way to examine the effect of electrical injection on these devices is to 
simultaneously pump them optically and electrically.  This can easily be accomplished since 
electrical measurements are performed on the µPL stage.  Figure 4.14 shows the spectrum of a 
D4 cavity bonded to sapphire that is optically pumped (pulsed) just below the power level at 
which a narrow peak will appear.  The figure also shows the spectrum from the same device, 
under the same optical pumping conditions, but with addition of 0.1 mA of DC electrical 
injection, which causes a sharp peak to appear at about 1330 nm.  Increasing the current to 0.15 
mA (under the same optical pumping conditions) further increases the height of the peak.  
Hence, the optically pumped lasing emission can be amplified by the electrical injection. 
!
Fig. 4.13. DC electroluminescence spectrum from D4 cavity (green), pulsed photoluminescence spectrum 
from intrinsic region away from PhC (green), and pulsed lasing spectrum from D4 cavity (red). All spectra 
are normalized to 1. 
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 Results from a more extensive study of simultaneous optical and electrical injection are 
shown in Fig. 4.15.  For this experiment on a LDH1 cavity bonded to sapphire, pulsed optical 
pump power is scanned over a range of values while various levels of DC electrical injection are 
applied.  This produces a family of L-L curves.  The vertical axis of this plot gives peak output 
power rather than integrated power so that spontaneous emission power (which may originate 
from outside of the cavity under electrical injection) is not included.  Increasing electrical 
injection clearly increases output power, and also appears to decrease the threshold optical power 
and increase the slope efficiency. 
!
Fig. 4.14. Spectra from simultaneous electrical and optical pumping of a D4 cavity.  Pulsed optical input 
power is 4 mW.  DC electrical current is 0.00 mA (blue), 0.10 mA (green), and 0.15 mA (red). 
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 The final result presented in this section is on electroluminescence from a LDH3 cavity 
bonded to metal-backed SiO2.  Figure 4.16 shows the spectra for various levels of DC electrical 
injection with no optical pumping.  A small peak at around 1330 nm is observed, which appears 
to red shift with higher current.  The optically pumped (pulsed) lasing peak of the same device is 
at around 1320 nm, which is near the DC electroluminescence peak, but at a shorter wavelength, 
as would be expected for pulsed operation.  The wavelength of the electroluminescence peak is 
plotted as a function of total DC input power in Fig. 4.17.  As was done in Section 4.2, the slope 
of the line that fits the data points can be used to find the thermal impedance, which in this case 
is around 6 K/mW.  This value is similar to the thermal impedance previously obtained for PhC 
devices on metal-backed SiO2.  The data in Figs. 4.16 and 4.17 are the clearest evidence that has 
been found for this dissertation of electroluminescence modified by a PhC defect cavity. 
!
Fig. 4.15. Results from simultaneous electrical and optical pumping of a LDH1 cavity. Figure shows peak 
lasing power versus optical pump power for various DC electrical currents. 
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!
Fig. 4.17. Peak mode wavelength versus DC input power for device in Fig. 4.16. 
!
Fig. 4.16. Spectra from DC electrical injection only of a LDH3 cavity on metal-backed SiO2with currents of 
(a) 0.2 mA, (b) 1.0 mA, (c) 2.0 mA, and (d) 3.0 mA.  An apparent cavity resonance peak is circled in red. 
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4.6 Analysis and Discussion 
 Results from this chapter have demonstrated that post-process bonding of PhC 
membranes has led to optically pumped lasers, some of which lase CW due to improved thermal 
conduction.  Electroluminescence is also observed in nearly all devices.  Experiments combining 
optical and electrical pumping show that electrical injection does lead to radiative recombination 
in the PhC cavity, as evidenced by increased power in the cavity mode with increasing electrical 
injection.  One device bonded to metal-backed SiO2 was found to exhibit modified 
electroluminescence.  Unfortunately the bonding process had unusually low yield for the 
particular sample that this device came from.  Therefore, few devices from that sample were 
available for testing, so it is difficult to determine why this device had unique 
electroluminescence characteristics.  A possible explanation may be the lower refractive index of 
the substrate, which should increase the Q-factor of the cavity.  Despite these encouraging 
results, electrically injected lasing was not observed.  The remainder of this section provides 
some possible explanations for this outcome. 
 The carrier density necessary for lasing threshold, nth, can be estimated from the optically 
pumped laser data using the following formula [5]: 
(4.6) 
where Pth is the threshold optical pump power, h is Planck’s constant, ! is the frequency of the 
pump laser, r is the radius of the pump spot, tm is the thickness of the membrane, and " is the 
carrier lifetime.  The pump spot radius and carrier lifetime are assumed to be 3 µm and 1.33 ns, 
respectively, as in [5].  The minimum threshold powers measured for devices on sapphire and 
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metal-backed SiO2 are approximately 8 mW and 0.6 mW, respectively, which lead to threshold 
carrier densities of 7.3E18 cm
-3
 and 5.5E17 cm
-3
. 
 The carrier density created in the center of the LCI diode by electrical injection, nel, can 
be approximated using this formula [6]: 
(4.7) 
where JR is the recombination current density, L is the ambipolar diffusion length [6], and d is 
the length of the intrinsic region.  The diffusion length is taken to be 1 µm, as in [5].  The 
recombination current density can be approximated using the Ohm’s law model, since current 
density is one of its outputs.  For simplicity, no isolation trench or PhC is used in these 
simulations.  Figure 4.18(a) shows an example current density simulation along a line that cuts 
through the center of the junction.  The current density at the center of this line is used in 
Equation (7) and is plotted in Fig. 4.18(b) as a function of d. 
 
Fig. 4.18. (a) Simulated current density along contour c for a device with d = 2 µm and w = 3 µm. (b) 
Simulated current density at y = 0 µm as a function of d for w = 3 µm.!
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 The value of nel as a function of d (with w fixed at 3 µm) is given in Fig. 4.19, along with 
nth for devices on sapphire and metal-backed SiO2.  Results for total currents of 0.1 mA, 0.25 
mA, and 0.5 mA are plotted.  The maximum current value of 0.5 mA is chosen because this was 
the highest DC current at which lasing was still observed during experiments on simultaneous 
optical and electrical pumping.  Lasing threshold should be reached when nel is equal to nth.  The 
shortest nominal intrinsic region length that was manufactured using optical lithography was 2 
µm.  According to Fig. 4.19, the maximum intrinsic region length at which threshold can still be 
achieved is approximately 1.5 µm for metal-backed SiO2 and 0.25 µm for sapphire. 
 
 The above analysis demonstrates that electrically injected lasing is possible, but only if 
the intrinsic region length is significantly reduced.  Alignment of the PhC cavity with the region 
of peak carrier concentration is also crucial, though that becomes even more difficult as d is 
decreased.  Even if very narrow intrinsic regions and excellent alignment are achieved, however, 
!
Fig. 4.19. Carrier density due to electrical injection at the center of a LCI diode as a function of intrinsic 
region length d.  Currents of 0.1 mA (purple), 0.25 mA (orange) and 0.5 mA (red) are used. 
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lasing still may not occur.  That is because the above analysis is optimistic in the sense that it 
assumes no carrier loss due to recombination in the doped regions [5],[6] or surface carrier 
recombination due to the presence of many etched holes.  Recombination in the doped regions is 
clearly evident from Figs. 4.12 and 4.13, especially for higher currents, so this is an important 
consideration.  Devices bonded to metal-backed SiO2 show the most promise, due to their 
relatively low threshold carrier density. 
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CHAPTER 5 
 
Summary, Conclusion and Future Work 
 
5.1 Summary and Conclusion 
 Photonic crystal membrane lasers offer several features that make them good candidates 
for future chip-to-chip and on-chip optical interconnects.  These include small mode volume [1], 
a lithographically tunable wavelength [2], and high modulation speeds with low energy 
consumption per transmitted bit [3].  In practice, a PhC membrane laser must also operate 
continuous wave under electrical injection at room temperature and be manufactured via 
reproducible processes.  No design yet developed has simultaneously met all these criteria, 
though some have achieved different aspects of them [2]-[6]. 
 Two promising design approaches have been pursued in this dissertation.  The first 
involves bonding PhC membranes to low index, thermally conductive substrates, which has 
previously led to several reports of CW photopumped lasers [2],[4].  The second approach 
involves lateral current injection diodes created by ion implantation, which has previously been 
attempted for suspended membrane PhC devices [6],[7].  Lateral current injection has led to 
modified electroluminescence of broad-area bandedge PhC devices at room temperature [7] and 
electrically injected lasing of PhC cavity devices at cryogenic temperatures [6]. 
 The design developed for this work combines the above two approaches by bonding LCI 
PhC devices to a foreign substrate.  One main difficulty with this design is that ion implantation 
requires a high temperature activation anneal to electrically activate the dopants.  In most prior 
work, the membrane is bonded first, before all other fabrication steps [2],[4].  The activation 
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anneal will harm or degrade the membrane or its bond to the substrate if performed after 
bonding.  Therefore, a post-process bonding method has been developed, which allows all 
fabrication steps, including the activation anneal, to be performed prior to bonding.  This 
bonding method involves coating the entire fabricated sample in an acid-resistant wax, removing 
the substrate by a wet chemical etch, pressing the exposed membrane onto a foreign substrate, 
and removing the wax using a solvent.  The bonding yield of this method was improved by 
etching mesas prior to bonding while ensuring that this etch did not extend more than a few 
microns below the bottom of the membrane. 
 Other design issues considered in this dissertation include the configuration of current-
confining trenches, the type of PhC cavity, and the material of the foreign substrate.  Trenches 
are etched into the device mesa to eliminate leakage current paths parallel to the PhC cavity.  The 
most effective design is to etch the trench from the edge of the PhC to the edge of the mesa.  
However, it was found that mesas etched in this manner tend to not bond successfully.  
Alternative trench designs were proposed and evaluated using a current density simulation 
method based on a finite element solution of an electrostatics problem.  This simulation 
technique was also used to evaluate the effect of different PhC types to achieve high current 
density in the center of the cavity.  Line defect heterostructure PhC designs showed higher 
current density compared to others simulated.  Finally, a different finite element based 
simulation was used to find the thermal properties of membranes on various substrate types.  
Sapphire has superior thermal properties compared to SiO2, but also has a higher index of 
refraction, which can decrease the quality factor of the PhC cavity.  A metal-backed SiO2 
membrane was found to be a reasonable compromise between the two. 
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 Characterizations of fabricated devices were performed using a micro-photoluminescence 
measurement system at room temperature.  All of the PhC cavity types were shown to lase under 
pulsed optical pumping, though a wider variety lased on metal-backed SiO2 than on sapphire.  
The D2 cavity was the only design found to lase under CW optical pumping for both substrate 
types.  The lowest threshold pump power was found for a D2 cavity on metal-backed SiO2.  
Thermal impedance was also measured using optical pumping and was found to be lower for 
devices bonded to sapphire.  Tests using electrical injection showed diode characteristics and 
electroluminescence from nearly all devices.  Electrically injected lasing was not observed; 
however, simultaneous electrical and optical pumping demonstrated that electrical injection does 
lead to radiative recombination in the PhC cavity.  Modified electroluminescence was observed 
for a line defect PhC device bonded to metal-backed SiO2.  Electroluminescence from defect 
cavity devices (as opposed to the broad-area bandedge devices mentioned earlier) is significant 
because defect cavity PhC lasers are the ones most likely to find applications in optical 
communication due to their smaller mode volume.  In particular, the line defect PhC cavity has 
been demonstrated to have significant in-plane emission [8], which would be useful for on-chip 
or chip-to-chip optical communication. 
 Analysis showed that the lack of electrically injected lasing could be attributed to two 
likely factors: 
1) the intrinsic region length was too long in the designs pursued (it should have been 
well under 2 µm); and, 
2) carrier confinement in the intrinsic region was poor, leading to significant 
recombination in the doped regions. 
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Both of these factors led to carrier concentrations in the PhC cavity that were too low to attain 
lasing threshold.  Attempts were made to address both of these issues, but ultimately failed due 
to manufacturing difficulties.  To make shorter intrinsic regions (and align them better with the 
PhC cavity), electron beam lithography was used to define the ion implant regions.  
Unfortunately, this type of lithography required thinner implant masks that could not properly 
shield the substrate.  A quantum dot membrane was considered to improve lateral carrier 
confinement, but fabrication could not be completed using this material due to difficulties with 
substrate removal of GaAs.  Improvements to the fabrication process that can overcome these 
problems will be needed if electrically injected lasing is to be achieved at room temperature. 
5.2 Future Work 
 This section provides ideas on improved device designs that may lead to room-
temperature, CW, electrically injected PhC membrane lasers.  It is divided into subsections that 
describe three different ideas: an incremental change to the design already presented, a design 
based on LCI in a buried heterostructure suspended membrane, and finally a design based on 
vertical injection in a metal-bonded membrane. 
5.2.1 Incremental Improvement 
 The most important change that can be made to the present design is to reduce the length 
of the intrinsic region, ideally to below 1 µm.  This will require development of an e-beam 
lithography process that can pattern thicker SiN implant masks, which may involve the use of 
thicker e-beam resists or an intermediate mask layer that has higher etch selectivity with SiN.  
Another significant change would be to use a quantum dot membrane instead of quantum well, 
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which was attempted here but not successfully completed.  A quantum dot membrane was used 
in [6] to produce LCI PhC lasers at cryogenic temperatures. 
 Reducing the resistance may also be an important design consideration.  The high 
resistance of the present devices leads to increased heating and high biases, both of which are 
undesirable.  One strategy to reduce resistance is to place the metal contacts as close as possible 
to the PhC [6], instead of several microns away as with designs pursued herein.  This will likely 
require additional e-beam lithography steps to define the metal contacts.  Finally, more careful 
control of contact annealing and better reproducibility may be needed.  The particular rapid 
thermal anneal tool used for the contact anneal was unreliable, with temperatures sometimes 
spiking above the desired 400 °C.  Most samples had contacts that appeared discolored or 
pockmarked following contact anneal, particularly for the n-type contact, which indicates 
significant diffusion of metal into the membrane.  A few samples, though, including the one that 
produced the result of modified electroluminescence, had nearly pristine contacts following 
RTA.  It is unknown whether or not this had a positive effect on the devices.  Nevertheless, a 
more predictable process is desirable.  It is also possible that the contact RTA step could be 
eliminated, since another step (SiO2 mask deposition) already heats the samples to 300 °C for a 
significant period of time. 
5.2.2 LCI Buried Heterostructure Suspended Membrane 
 In this work, quantum well intermixing is used to provide carrier confinement in the 
lateral direction, and trenches are used to confine current transverse to the junction.  Another 
approach, used in [3], is to create a buried material heterostructure that can confine carriers in 
both in-plane directions.  This method uses selective etching and regrowth to place a small, 
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buried InGaAsP quantum well region inside an InP membrane.  The dimensions of the InGaAsP 
region are designed so that it fits precisely inside a PhC cavity.  This device was one of the few 
suspended membrane PhC lasers to be CW optically pumped (as opposed to pulsed) due to the 
higher thermal conductivity of InP (compared to InGaAsP) and more efficient pumping (since 
the pump wavelength could be in the bandgap of the barrier material).  Adding an ion-implanted 
LCI diode to such a structure may enable electrically injected lasing.  The main disadvantage of 
this design is the extraordinary difficulty of the semiconductor regrowth technique.  Achieving a 
smooth, flat top surface of the membrane can be very challenging [9], and even small 
perturbations of the thickness of the membrane can greatly decrease the Q-factor of the PhC 
cavity [9]. 
5.2.3 Vertical Current Injection Metal-Bonded Membrane 
 As mentioned in Chapter 1, the first report of an electrically injected defect cavity PhC 
laser utilized a standard, epitaxially grown vertical p-i-n diode [5].  To enable vertical mode 
confinement, the membrane was chemically undercut.  The undercut was carefully timed in order 
to create a narrow vertical post that electrically connected the membrane to the substrate.  The 
width of the post was critical to controlling the Q-factor since the post had very little index 
contrast with the membrane.  However, the post width was not controlled lithographically, 
implying that the fabrication was not reproducible.  For this reason, lateral current injection for 
PhC membranes was proposed in [7], and utilized in [6] and here.  The main disadvantage of 
LCI is that it is difficult to achieve adequate lateral carrier confinement. 
 An ideal design would combine the superior carrier confinement of a vertical diode with 
the lithographically defined features of a LCI diode.  Figure 5.1 shows a proposed fabrication 
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procedure for a vertical diode membrane with a lithographically defined connection to the 
substrate. 
 
As a first step, alignment marks are etched into the membrane.  Then, a thin layer of SiO2 
is deposited on top of the membrane.  This layer is patterned (likely using e-beam lithography) to 
make small openings (slightly smaller than a PhC cavity) in the oxide.  A thick Au layer (on top 
!
Fig. 5.1. Summary of proposed process flow for vertical current injection metal bonded PhC membrane. 
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of a thin Ti adhesion layer) is then deposited over the entire sample.  Afterward, the sample is 
flipped over and bonded to another Au layer on a doped substrate.  The Au-Au bond is due to 
Van der Waals forces and was used for some of the optically pumped PhC devices on metal-
backed SiO2 presented in Chapter 4 (see Appendix B for fabrication details).  The substrate of 
the membrane is removed by wet chemical etching.  Finally, metal contacts are deposited on the 
exposed bottom surface of the membrane and a PhC pattern and mesa are etched.  In this design, 
vertical carrier confinement is provided by the quantum wells of the membrane, while the SiO2 
layer, which acts as a current aperture, provides lateral confinement.  The most challenging 
alignment step would be to align the PhC to the current aperture.  It is assumed that the etched 
alignment marks will remain intact following bonding. 
Another challenge is the extra optical loss added by the metal layer, which is directly in 
contact with the center of the PhC cavity.  This problem is similar to the one experienced with 
the vertical post design, since that also added extra optical loss.  The solution in that case, which 
can be used here, is to use the D2 cavity.  As was briefly mentioned in Chapter 2, the inner ring 
of holes in the D2 cavity are specially modified to improve the quality factor and promote a 
whispering gallery mode, which has its highest field values at the edge of the cavity, away from 
the lossy region of the center.  Outside the cavity, the SiO2 separates the membrane from the Au 
layer, though a thin SiO2 layer can still allow coupling of the mode with the lossy metal.  A 
thicker SiO2 layer can reduce this coupling but also introduces larger topology, which may make 
bonding more difficult. 
 Preliminary experiments have been conducted to test whether a PhC membrane device 
can still lase when in contact with a metal layer.  Figure 5.2 shows an image of an InGaAsP 
membrane post-process bonded to a Au-coated substrate.  In this case, Au is in contact with the 
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entire PhC, not just the center of the cavity.  The optically pumped lasing spectrum of a D4 
cavity bonded to Au is shown in Fig. 5.3.  This device appears to have a much higher threshold 
power compared to devices bonded to SiO2 or sapphire, as is expected due to the optical loss.  
The threshold would hopefully be significantly reduced if a SiO2 layer were inserted between the 
membrane and Au. 
 
 
 
!
Fig. 5.3. Pulsed optically pumped lasing spectrum of a D4 cavity bonded to a Au coated substrate. 
!
Fig. 5.2. Scanning electron micrograph images of an InGaAsP PhC membrane post-process bonded to a Au 
coated substrate.  Parts of the membrane are missing, exposing the Au underneath. 
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APPENDIX A 
 
Bonded LCI PhC Process Follower 
InGaAsP Quantum Well Membrane on InP Susbrate 
Sample Preparation 
0.______ Cleave/Remove Cap:  !  Cleave, clean 
      !  Remove InP Cap: HCl:DI (4:1) 1.0 min at 5 °C 
Alignment Marks 
1._____ SiO2 Deposition     Degrease 
      SiO2 (slow process): 2000 Å for 18:32 
       Time: ______min; Thickness: _______ 
 
2.______ Mesa       Degrease 
Photolithography:      Dehydration Bake: 110°C for 3 min 
   HMDS Spin 
   AZ5214 Spin: 500 rpm for 3 sec; 4000 rpm for 30 s 
   Backside Swab 
   Swab Corners 
   Bake: 110°C for 45 sec 
   Edge Bead Mask: Aligner A for 60 sec 
   AZ327MIF Develop: 75 sec 
Time: __________ 
   Mask “1”: Aligner A for 27 sec 
Time: __________ 
    AZ327MIF Develop: 45 sec 
  Time: __________ 
    Bake 125°C for 60 sec 
 
3.______ SiO2 Etch:     CF4 for 10 min 
       Time: _____min  
        REMOVE PR MASK 
  O2 Plasma for 10 min 
 
3.______ ICP-RIE Etch:   !  See step 27 
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n-type Dopant (Si) Implantation 
4.______ SiN Deposition:     Degrease 
        SiN (KF-5MF): 70 min for ~1 µm 
Time: ______min  
  Ellipsometer Measurement 
 Thickness: __________ 
     
5.______ n-type Dopant (Si)     Degrease 
Photolithography:      Dehydration Bake: 110°C for 3 min 
   HMDS Spin 
   AZ5214 Spin: 500 rpm for 3 sec; 4000 rpm for 30 s 
   Backside Swab 
   Swab Corners 
   Bake: 110°C for 45 sec 
   Edge Bead Mask: Aligner A for 60 sec 
   AZ327MIF Develop: 75 sec 
Time: __________ 
   Mask “2”: Aligner A for 27 sec 
Time: __________ 
    AZ327MIF Develop: 45 sec 
  Time: __________ 
    Bake 125°C for 60 sec 
 
 
6.______ SiN Etch/Implant:   CF4 for 15.5 min 
       Time: _____min  
        REMOVE PR MASK 
  Alpha Step: __________ 
  Si Implantation: 200°C with 7° tilt 
Energy: 30 keV; Dose: 4.00E+13 cm-2 
 Energy: 120 keV; Dose: 1.80E+14 cm-2 
 
7.______ SiN Removal:     BOE for 40 min 
 
p-type Dopant (Be/P) Implantation 
8.______ SiN Deposition:     Degrease 
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        SiN (KF-5MF): 70 min for ~1 µm 
Time: ______min 
  Ellipsometer Measurement 
 Thickness: __________   
 
9.______ p-type Dopant (Be/P)      Degrease 
Photolithography:       Dehydration Bake: 110°C for 3 min 
   HMDS Spin 
    AZ5214 Spin: 500 rpm for 3 sec; 4000 rpm for 30 s 
   Backside Swab 
   Swab Corners 
   Bake: 110°C for 45 sec 
   Edge Bead Mask: Aligner A for 60 sec 
   AZ327MIF Develop: 75 sec 
Time: __________ 
   Mask “3”: Aligner A for 27 sec 
Time: __________ 
    AZ327MIF Develop: 45 sec 
  Time: __________ 
    Bake 125°C for 60 sec 
 
10._____ SiN Etch/Implant:   CF4 for 15.5 min 
       Time: _____min  
        REMOVE PR MASK 
  Alpha Step: __________ 
  Be/P Implantation: 200°C with 7° tilt 
Be: Energy: 10 keV; Dose: 3.00E+13 cm-2 
Be: Energy: 30 keV; Dose: 1.90E+14 cm-2 
P: Energy: 30 keV; Dose: 3.00E+13 cm-2 
 P: Energy: 110 keV; Dose: 1.6E+14 cm-2 
 
11._____ SiN Removal:     BOE for 40 min 
 
Implant Activation Annealing 
DO MICRO-PL BEFORE 
 
12._____ SiN Deposition:     Degrease 
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  SiN (KF-5MF): ~500 Å for 3.5 min 
 Time: ______min; Thickness: _______ 
  
 
13._____ Implant Activation:    RTA (JDS_CR_P): 500°C for 1 min 
       (face down on blank InP) 
        IF FILM BREAKS 
       BOE Etch: 10 min 
       Redo Steps 12 & 13 
  RTA (JDS_2R_P): 
850°C for 15 sec 
      700°C for 60 sec with 6 sec ramp 
 (face down on blank InP) 
 
DO MICRO-PL TO CHECK QUANTUM WELL DISORDERING 
 
14._____ SiN Removal:     BOE for 10 min 
 
DO MICRO-PL TO CHECK QUANTUM WELL DISORDERING 
 
n-type Metal Deposition 
15.______ n-type Metal      Degrease 
Photolithography:      Dehydration Bake: 125°C for 3 min 
   AZ5214 Spin: 500 rpm for 3 sec; 4000 rpm for 30 s 
   Backside Swab 
   Swab Corners 
   Bake: 110°C for 45 sec 
   Edge Bead Mask: Aligner A for 60 sec 
   AZ327MIF Develop: 75 sec 
Time: __________ 
   Mask “4”: Aligner A for 27 sec 
Time: __________ 
    AZ327MIF Develop: 45 sec 
  Time: __________ 
 
16._____ n-type Metal:     O2 Plasma: 300W for 2 min 
        Dip in 1:10 NH4OH:DI for 15 sec 
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        Target: 400 Å AuGe / 200 Å Ni / 1400 Å Au 
      Actual:  _____ Å AuGe / _____ Å Ni / _____ Å Au 
  
       
17._____ Metal Liftoff:     Boiling Acetone: 40 oC for 15 min 
 O2 Plasma: 300W for 10 min 
 
p-type Metal Deposition 
18.______ p-type Metal       Degrease 
Photolithography:       Dehydration Bake: 125°C for 2 min 
   AZ5214 Spin: 500 rpm for 3 sec; 4000 rpm for 30 s 
   Backside Swab 
   Swab Corners 
   Bake: 110°C for 45 sec 
   Edge Bead Mask: Aligner A for 60 sec 
   AZ327MIF Develop: 75 sec 
Time: __________ 
   Mask “5”: Aligner A for 27 sec 
Time: __________ 
    AZ327MIF Develop: 45 sec 
  Time: __________ 
 
19._____ p-type Metal:     O2 Plasma: 300W for 2 min 
        Dip in 1:10 NH4OH:DI for 15 sec 
        Target: 50 Å Ti / 150 Å AuBe / 1500 Å Au 
       Actual:  ____ Å Ti / ____ Å AuBe / ____ Å Au 
  
       
20._____ Metal Liftoff:     Boiling Acetone: 40 oC for 15 min 
 O2 Plasma: 300W for 10 min 
 
Contact Annealing 
21._____ Contact Anneal:     RTA: 400°C for 45 sec with 60 sec ramp 
(sample face down on blank InP) 
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PhC and Mesa Patterning and Etching 
22._____ SiO2 Deposition:     Degrease 
      SiO2 (slow process): 2000 Å for 18:32 
 Time: ______min; Thickness: _______  
 
23._____ e-beam Lithography:    Follow e-beam process sheet 
 
24._____ PhC Mask Etch:     CHF3 for 12 - 15 min 
 Time: _____min 
  REMOVE PMMA 
 
25.______ Mesa       Degrease 
Photolithography:      Dehydration Bake: 110°C for 3 min 
   HMDS Spin 
   AZ5214 Spin: 500 rpm for 3 sec; 4000 rpm for 30 s 
   Backside Swab 
   Swab Corners 
   Bake: 110°C for 45 sec 
   Edge Bead Mask: Aligner A for 60 sec 
   AZ327MIF Develop: 75 sec 
Time: __________ 
   Mask “6”: Aligner A for 27 sec 
Time: __________ 
    AZ327MIF Develop: 45 sec 
  Time: __________ 
    Bake 125°C for 60 sec 
 
26.______ SiO2 Etch:     CF4 for 10 min 
       Time: _____min  
        REMOVE PR MASK 
  Alpha Step: __________ 
  O2 Plasma for 10 min 
 
27._____ ICP-RIE Etch:     Clean 
       - Temp: 20°C 
       - O2: 20 sccm 
 85 
       - Pressure: 10 mT (+base) 
       - RF1: 200 W 
       - RF2: 500 W 
       - Time: 60 min 
  Heat to ~250°C 
 - Set temp to 260 
  Pre-dep 
 - Temp: Set to 260°C (meas ~250°C) 
 - Pressure: 1.5 mT (+base) 
       - Cl2: 4.5 sccm 
       - H2: 1.5 sccm 
       - Ar: 3.8 sccm 
       - RF1: 120 W 
       - RF2: 500 W 
       - Time: 5 min 
  WAIT ~30 MIN AFTER LOADING CHAMBER 
  Etch 
 - Same as pre-dep except: 
       - Time: 1.5 min 
 
28._____ SiO2 Removal:     BOE for 1 min 
 
Substrate Bonding 
29._____ Bonding      Melt on Apiezon W wax at 125°C 
        Remove substrate in HCl:DI (4:1) 
       - 5 °C for ~4 hours 
       Time: ______ 
        Gently press onto SiO2 or sapphire 
       - leave in dry box overnight 
        Remove wax in methylene chloride 
       - 20 min soak 
       - wait overnight before proceeding 
        Clean in O2 plasma for 10 min 
 
30._____ Test:      Photopump/Electrical testing 
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APPENDIX B 
 
Au-Au Bonding Process Follower 
 
0.______ Cleave:    !  Cleave, clean 
 
1._____ InP Cap Removal:    HCl:DI (4:1) for 1 min at 5°C 
 
2._____ SiO2 Deposition     Degrease 
      SiO2 (slow process): ~485 nm 
       Time: ______min; Thickness: _______ 
 
3._____ Metal Deposition:   !  Target: 50 Å Ti  / 1500 Å Au 
       Actual:  ____ Å Ti  / ____ Å Au 
        Deposit on carrier substrate at same time 
        Proceed quickly to bonding after done 
 
4.______ Bond to Au-coated Substrate:   Use dropper to put bead of DI on carrier substrate 
        Press pieces together using vacuum tweezers 
  Place in Al vice and heat at 125° C for 30 min 
  Heat at ~450° C for 50 min under weight 
  Swab back of InP substrate with ACE 
 
5._____ InP Substrate Removal:    HCl:DI (4:1) for ~4 hours at 5°C 
 
 
